Background: Despite the many advantages of real-time fluorescence reverse transcription-PCR (RT-PCR) as a quantitative analytical tool, simultaneous quantification of target and reference templates within one reaction has not been reported. We developed such an assay with an internal reference template. Methods: For quantification of target and reference sequences, we used two fluorescent probes in one reaction vessel on an ABI PRISM 7700 SDS instrument. Fluorescent probes were labeled with either 6-carboxyfluorescein or hexachloro-6-carboxy-fluorescein as reporter dye and 4-(4-dimethylaminophenylazo)benzoic acid (DABCYL) as a dark quencher fluorophore. To test the sensitivity and specificity of this assay, serial dilutions of reference and target templates were analyzed in one PCR reaction. In the presence of 10 ␤-actin molecules as control templates, 10 5 bcr/abl molecules were amplified, and 10 5 ␤-actin molecules were amplified in the presence of 10 bcr/abl copies. We also performed single and duplex measurements on samples from five patients with documented Philadelphia chromosomepositive chronic myelogenous leukemia disease courses (72 samples) and three with minor bcr/abl ؉ acute myelogenous leukemias (26 samples).
Background: Despite the many advantages of real-time fluorescence reverse transcription-PCR (RT-PCR) as a quantitative analytical tool, simultaneous quantification of target and reference templates within one reaction
has not been reported. We developed such an assay with an internal reference template. Methods: For quantification of target and reference sequences, we used two fluorescent probes in one reaction vessel on an ABI PRISM 7700 SDS instrument. Fluorescent probes were labeled with either 6-carboxyfluorescein or hexachloro-6-carboxy-fluorescein as reporter dye and 4-(4-dimethylaminophenylazo)benzoic acid (DABCYL) as a dark quencher fluorophore. To test the sensitivity and specificity of this assay, serial dilutions of reference and target templates were analyzed in one PCR reaction. In the presence of 10 ␤-actin molecules as control templates, 10 5 bcr/abl molecules were amplified, and 10 5 ␤-actin molecules were amplified in the presence of 10 bcr/abl copies. We also performed single and duplex measurements on samples from five patients with documented Philadelphia chromosomepositive chronic myelogenous leukemia disease courses (72 samples) and three with minor bcr/abl ؉ acute myelogenous leukemias (26 samples). The recently introduced real-time fluorescent PCR allows the rapid and reliable quantification of target sequences in a closed-tube format, which has led to a breakthrough in generating quantitative PCR results for diagnostic purposes (1, 2 ) . However, for real-time fluorescent PCR as for conventional PCR, a control reaction is necessary to correct quantitative results with respect to the total amount of amplifiable material in the investigated sample (3 ). This is of special importance in reverse transcription-PCR (RT-PCR) 1 because RNA preparation and reverse tran- A control can be performed by quantification of an external standard in a separate assay. Nevertheless, because this requires a second reaction and each PCR has its own kinetics, internal standardization is thought to be more reliable (4 ) . In fluorescence PCR, this can be done only if the simultaneously used reporter dye of the control reaction signal can be quantitatively distinguished from the fluorescence generated by target-specific probes.
Results
To date, quantification of an internal standard with the ABI PRISM 7700 SDS instrument has been limited to fluorescent quencher fluorophores, such as 6-carboxytetramethylrhodamine (TAMRA), that themselves produce substantial fluorescence at wavelengths close to those of the reporter dyes. Thus, depending on the reporter fluorophore used, TAMRA can produce measurable fluorescence signals within the reporter dye channels, which would again decrease the specificity and sensitivity of the assays. Moreover, if TAMRA is used as a quencher dye, it blocks a broad wavelength range that could be otherwise be used for incorporation of additional reporter dyes (5 ). This is of relevance for future development of multicolor-multiplex real-time fluorescence PCR techniques.
In an attempt to facilitate development of such techniques, we investigated whether 4-(4Ј-dimethylaminophenylazo)benzoic acid (DABCYL), a quencher dye with no or minimal autofluorescence within the wavelengths measured in the ABI PRISM 7700 SDS, can be used for this purpose. To demonstrate the clinical applicability of this approach, we quantified bcr/abl fusion transcripts in two cases of Philadelphia chromosome-positive leukemias by single and duplex RT-PCR.
Materials and Methods preparation of templates e1a2 and ␤-actin transcripts from K562 cells and b2a3 fusion transcripts from a patient known to carry this specific breakpoint were amplified by RT-PCR and cloned into the pCR2.1 vector (TOPO TA Cloning Kit; Invitrogen). After clones were digested with HindIII and XbaI (Boehringer Mannheim), reamplified, and purified (PCR Purification Kit; Qiagen), they were measured in a photometer, and molecule concentrations were calculated. Serial dilutions were then prepared at concentrations of 0.5 ϫ 10 7 to 0.5 ϫ 10 Ϫ2 molecules/L of a mixture (1:1 by volume) of distilled water and Tris-EDTA buffer (pH 8.0).
blood samples
The total RNA of peripheral blood samples was extracted by a guanidinium isothiocyanate-acid phenol procedure (6 ) , and 2000 ng of the extracted RNA was reversetranscribed into cDNA with random hexamer primers. cDNA samples were stored at Ϫ20°C until assayed.
design of fluorescent probes
The fluorescent probes for M-bcr/abl and m-bcr/abl were designed to hybridize within the abl terminus of the amplicons as published previously (7 ) . Probes were covalently labeled with hexachloro-6-carboxy-fluorescein (HEX) at the 5Ј end, representing the reporter dye, and DABCYL was incorporated as amidite after deprotection at the 3Ј end of the probe sequences. To prevent probe elongation, a phosphate group was attached. Probes were purified by HPLC. ␤-actin was used as reference gene, and fluorescent probe and primer sequences were as published elsewhere (8 ) . The ␤-actin probe was labeled at the 5Ј end with 6-carboxy-fluorescein (FAM) phosphoramidite and at the 3Ј terminus with DABCYL. To prevent probe extension, phosphate groups were attached to the 3Ј ends of all probes (TIB Molbiol).
primers and pcr conditions PCR of bcr/abl was performed using a single pair of primers located in exon 1 (m-bcr/abl: 5Ј-CAgATCTggCCCAACgATg-3Ј) or exon 2 (M-bcr/abl: 5Ј-CTgACCAACTCgTgTgTgAAAC-3Ј) of bcr and in exon 3 (5Ј- 
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CCCCATTgTgATT-ATAgCCTAAgA-3Ј) of abl. Thus, all four M-bcr/abl fusions could be amplified with a single set of oligonucleotides. An ABI PRISM 7700 Sequence Detector (PE Applied Biosystems) was used for PCR reactions and fluorescence measurements.
The 50-L PCR reaction mixture for single measurements of bcr/abl or ␤-actin contained 5 L of 10ϫ PCR buffer, 4.5 mM MgCl 2 , 0.8 mM dNTPs (Life Technologies), 1 M 5,6-carboxy-x-rhodamine, 0.8 L of Tris-EDTA buffer (pH 8.0), 0.5 M each primer, 1 L of probe, 1.25 U of Taq DNA polymerase (Platinum DNA polymerase; Life Technologies), and 100 ng of sample cDNA. PCR amplification began with a 5-min denaturation step at 95°C, followed by 45 cycles of denaturation at 95°C for 30 s and annealing/extension at 63°C (m-bcr/abl), 65°C (M-bcr/ abl), or 67°C (␤-actin) for 1 min.
Duplex PCR measurements were performed with a few modifications. The PCR reaction mixture included two primer sets, two fluorescence probes, and sample cDNA in the same concentrations used in the single assay, except for ␤-actin primers, which were limited to 0.05 M each. Duplex real-time PCR was performed for 5 min at 95°C and 45 cycles of 95°C for 30 s and 63°C (m-bcr/abl and ␤-actin) or 65°C (M-bcr/abl and ␤-actin) for 1 min.
data analysis
Statistical analyses were performed using Excel software (Microsoft).
Results
Addition experiments were performed to evaluate whether the ABI PRISM 7700 SDS can discriminate between the two dyes used when one of the dyes is present in much higher concentrations, and thus produces a substantially higher fluorescence signal, than the other dye. Fig. 1 shows pre-and post-PCR fluorescence emission spectra for 10 5 bcr/abl copies in the presence of 10 ␤-actin transcripts and vice versa. Fragmentation of the probes led to an increase of the fluorescence signal at the emission maximum of HEX at 555 nm (Fig. 1A) or FAM at 530 nm (Fig. 1B) . The ABI PRISM SDS software separated fluorescence spectra from HEX and FAM with the help of an ideal-fit curve. As can be seen in Fig. 1 , no significant quencher signal could be detected at the measured wavelengths (500 -650 nm).
To test the sensitivity and specificity of this assay, we performed PCRs in which the concentration of one template was orders of magnitude higher than the concentration of the other template. In the presence of 10 control templates, 10 5 bcr/abl molecules were amplified, and in the presence of 10 bcr/abl copies, 10 5 ␤-actin molecules were amplified. Fig. 2 illustrates calibration curves obtained by plotting the initial number of target molecules in the dilution series against the respective threshold cycle. The threshold cycle is the cycle number at which the fluorescence of a given sample becomes significantly different from the baseline signal, i.e., 10 SD above background fluorescence during the first 15 PCR cycles. For M-bcr/abl duplex RT-PCR, the correlation coefficient (r) was 0.99, for m-bcr/abl, r ϭ 0.96, indicating a precise log-linear relationship at template concentrations of 10 -10 5 copies/100 ng of cDNA. In the respective PCR reactions, r ϭ 0.99 for ␤-actin (coamplified with M-bcr/abl or m-bcr/abl) for 10 3 -10 7 copies/100 ng of cDNA. Ethidium bromide staining of conventional agarose gel electrophoresis after amplification of b2a3/␤-actin and e1a2/␤-actin templates in a duplex fluorescence RT-PCR is shown in Fig. 2 , B and D. As shown in Fig. 2 , A and D, visible gel bands correlate well with the obtained quantitative PCR results. To compare absolute amounts of template molecules obtained by single and duplex measurements, we performed correlation studies using samples from five patients with Philadelphia chromosome-positive chronic myelogenous leukemia (CML; n ϭ 72) and three patients with m-bcr/abl ϩ acute myelogenous leukemia (AML; n ϭ 26). As can be seen from Fig. 3 , the ratios (target transcript copies divided by reference transcript copies) correlated well (r ϭ 0.98 for M-bcr/abl and r ϭ 0.98 for m-bcr/abl).
To evaluate the clinical applicability of the developed assay, we retrospectively investigated two disease courses of a Philadelphia chromosome-positive CML and a biphenotypic bcr/abl ϩ AML by real-time PCR, amplifying target and reference gene either separately (single) or simultaneously (duplex). Fig. 4A shows bcr/abl:␤-actin transcript ratio for a CML patient in chronic phase who underwent matched unrelated donor bone marrow transplantation. After 2 months, he underwent a second allogeneic bone marrow transplantation and exhibited a marked decrease of bcr/abl fusion transcripts. illustrates bcr/abl transcript kinetics in a Philadelphia chromosome-positive AML. The observed increase of bcr/abl mRNA was clearly associated with progressive disease and, subsequently, death of the patient.
Discussion
Quantitative real-time fluorescence PCR is revolutionizing PCR diagnostics in terms of greatly optimized applicability. However, independent of the instrument used, fluorescence can be excited only in a distinct wavelength range because different light sources (e.g., laser or halogen) have different excitation maxima. This restricts the reporter and quencher fluorophores that can be sufficiently excited. Moreover, quencher dyes such as TAMRA exhibit measurable autofluorescence within the detection wavelength, producing a spectral overlap with reporter dyes. To design fluorescent probes that can be simultaneously used for multiplex real-time PCR, an ideal quencher dye should have maximum quenching activity within a distance up to 100Å from the reporter fluorophore and no or minimal fluorescence emission in the measured wavelength range. DABCYL has been used as quencher in multiplex nucleic acid detection with molecular beacons showing very weak autofluorescence (9 ) . Using the so-called TaqMan probe format, we could show that DABCYL is a suitable quencher with the advantage of no significant autofluorescence. The relevance of this is supported by other studies utilizing alternative quenching strategies (10 ) . Moreover, it must be guaranteed that simultaneously used reporter dyes do not overlap within their detection wavelength. As shown in our addition experiments, the ABI PRISM 7700 SDS is able to distinguish between FAM and HEX reporter signals even when excessive fluorescence is generated by one or both fluorophores. However, it must be considered that addition of more reporter fluorophores with excitation maxima Ͼ560 nm may be more difficult because excitation decreases with longer wavelengths in the ABI PRISM 7700 SDS.
In conclusion, simultaneous quantification of two sequences in one tube can be performed using DABCYL as a dark quencher dye. This may facilitate future development of quantitative multicolor real-time PCR techniques. This work was made possible by Grant DJCLS-R22 from the Deutsche José Carreras Leukämie-Stiftung e.V.
